T he morbidity and mortality rates for infectious diseases are higher during the neonatal period. This increased susceptibility to infection has been related to the immaturity of the neonatal immune system. At birth, the immune system exhibits deficiencies in Th-1 immune responses (1), Ig synthesis (for a review, see Ref. 2) , and selected cytokine production (1, 3) . Immaturity of antimicrobial innate immune factors may also be involved in the increased susceptibility of neonates to infection. For example, neutrophils of newborn infants are selectively deficient in bactericidal/permeability-increasing protein (4) . Additionally, human ␣-defensins 5 (HD-5) 3 and HD-6 have significantly lower levels of expression in fetal life compared with that in term infants (5, 6) . As a major portal of entry for potential pathogens during the neonatal period, the lung has the second largest epithelial surface area exposed to the outside environment. Components of the innate immune repertoire of airway epithelia include human ␤-defensins (HBDs) (7, 8) and the only known human cathelicidin, LL-37 (9, 10) . Defensins and LL-37 are also present in the skin and vernix and contribute to the innate immunity of neonates (11, 12) . Recently, HBDs and LL-37 were shown to be increased in neonatal tracheal aspirates during infections (13) ; however, little is known about the development or regulation of human ␤-defensins and cathelicidins in neonatal lung.
In this study we investigated the ontogeny, expression, and regulation of three well-characterized ␤-defensins, HBD-1, -2, and -3, and the cathelicidin, LL-37, in the neonatal lung and determined their spectrum of antimicrobial activity. We hypothesized that these antimicrobial factors would be developmentally regulated, expressed by neonatal pulmonary tissues, and participate in innate immunity. We found HBD-2 to be developmentally regulated, inducible, and the predominant ␤-defensin in the neonatal lung. Additionally, the ␤-defensins and LL-37 exhibited unique spectrums of antimicrobial activity and salt sensitivity against neonatal pathogens.
Materials and Methods

Reagents
Recombinant HBD-1 was purified from a baculoviral production system as previously described (14) . LL-37 was produced synthetically as previously described (15) . All peptides, including recombinant HBD-2 and HBD-3 (PeproTech, Rocky Hill, NJ), were analyzed for purity and concentration using mass spectroscopy and amino acid composition. Peptides were stored in 0.02% acetic acid at Ϫ80°C. Before use in antimicrobial assays, peptides were lyophilized and then reconstituted in 0.02% acetic acid with 0.1% human serum albumin.
Culture methods and human samples
All tracheal aspirate specimens and culture samples used in these studies were obtained using protocols approved by the institutional review board at the University of Iowa. dexamethasone (Roxanne), 10 6 CFU heat-killed Escherichia coli DH5␣ bacteria, or 100 ng/ml PMA (Sigma-Aldrich; P-1585). Explants were maintained in culture for 24 h. The tissue samples were then frozen and stored at Ϫ80°C before analysis by RT-PCR and real-time PCR. For each experimental condition, replicates were performed using tissues from different donors (n ϭ 4 -5).
Primary cultures of human airway epithelia
Primary cultures of well-differentiated human airway epithelia were prepared and grown at the air-liquid interface as previously described (17) . Epithelial cultures were incubated at 37°C in 5% CO 2 for 24 h either with 100 l of PBS apically and 500 l of medium basolaterally or with the same volumes of apical PBS and basolateral medium containing 100 ng/ml IL-1␤, 100 ng/ml IFN-␥, 100 ng/ml both IL-1␤ and IFN-␥, 10 Ϫ7 M dexamethasone, or 100 ng/ml TNF-␣ (Sigma-Aldrich; T-6674). For each experimental condition, replicates were performed using primary cultures from different donors (n ϭ 3).
Neonatal tracheal aspirate samples and lung tissue
After obtaining informed consent from the parents, 14 mechanically ventilated newborn infants in the neonatal intensive care unit at the University of Iowa were enrolled during an 18-mo study period (May 2000 to November 2002) . Tracheal aspirates were obtained using a standardized procedure for routine suctioning by General Clinical Research Center staff with a catheter inserted through the endotracheal tube and instillation of 1 ml of normal saline. When possible, samples were obtained on postnatal days 0, 1, 2, 7, 10, and 14 and weekly thereafter for as long as the infant remained intubated (n ϭ 5 for Ͻ28 wk gestation, n ϭ 6 for 28 -37 wk gestation, and n ϭ 3 for Ͼ37 wk gestation). Samples were stored at Ϫ20°C before analysis by ELISA. Cadaveric lung samples were obtained at autopsy, immediately flash-frozen, and stored at Ϫ80°C before analysis with RT-PCR.
RNA isolation, semiquantitative PCR, and real-time PCR
Total RNA was extracted from primary cultures of airway epithelia and fetal lung explant cultures using TriReagent (Molecular Research Center) according to the manufacturer's recommendations. The mRNA samples were treated with DNase (Promega) according to the manufacturer's specifications. RT was performed using 1 g of RNA with the Superscript II reverse transcriptase kit (Invitrogen Life Technologies) and random sequence hexamers. After treatment with Biolase DNA polymerase (Bioline), RT reaction products were subjected to PCR using an automated DNA thermal cycler for 30 cycles. PCR conditions included denaturation for 30 s at 94°C, annealing for 30 s at 60°C, extension for 30 s at 72°C, and a final extension at 72°C for 5 min. The following primers were used: HBD-1 forward, 5Ј-GAT CAT TAC AAT TGC GTC AGC AGT GG-3Ј; HBD-1  reverse, 5Ј-CTC ACT TGCAGC ACT TGG CCT TC-3Ј; HBD-2 forward,  5Ј-GTT ATA GGC GAT CCT GTT ACC TGCATC AGC CAT GAG GGT CTT GT-3Ј; HBD-2 reverse, 5Ј-TCA TGG CTT TTT GCA GCA TTT TGT TC-3Ј; HBD-3 forward, 5Ј-TGT TTG CTT TCG TCT TCC TG-3Ј; HBD-3 reverse, 5Ј-CTT TCT TCG GCA GCA TTT TC-3Ј; LL-37 forward, 5Ј-GTG ACT TCA AGA AGG ACG GG-3Ј; LL-37 reverse, 5Ј-GGG TAG GGC ACA CAC TAG GA-3Ј; GAPDH forward, 5Ј-GTC AGT GGT GGA CCT GAC CT-3Ј; and GAPDH reverse, 5Ј-AGG GGT CTA CAT GGC AAC TG-3Ј. Products were visualized after electrophoresis in 2% agarose gels and staining with ethidium bromide. To quantify the abundance of ␤-defensin expression, densitometry values were standardized to their corresponding GAPDH control using a ChemiImager 4400 (AlphaInnotech). Real-time PCR was performed using TaqMan . Wells were blocked with 0.05% Tween 80 and 1% BSA before incubation with 100 l of tracheal aspirate diluted in PBS and N-acetyl cysteine (final concentration, 2%; Sigma-Aldrich; A7250). Biotinylated rabbit anti-human HBD-2 polyclonal affinity-purified antisera (gift from Dr. D. Proud) (18) was diluted 1/2000 in PBS with 0.05% Tween 20 before labeling with streptavidin peroxidase (Pierce; 21126), followed by ABTS 1-Step (Pierce; 37615). Samples were then analyzed at 405 nm using a VERSAmax microplate reader (Molecular Devices). Samples were stored at Ϫ80°C before analysis by ELISA and were run in duplicate to ensure reproducibility.
LL-37 protein abundance in neonatal tracheal aspirates was measured by ELISA. A 96-well Maxisorp plate (Nunc) was coated with 5 g/ml LL-37 mAb (11) in coating buffer (1.59 g of Na 2 CO 3 , 2.93 g of NaHCO 3 , and 0.2 g of Na N 3 in 1000 ml of MilliQ-water, pH 9.6). Wells were blocked with 0.1% gelatin in PBS before incubation with 100 l of tracheal aspirate diluted in PBS and N-acetyl cysteine (final concentration, 2%) or LL-37 (Innovagen) standard (0.01-10.0 ng/ml). Samples were then incubated with biotinylated R-anti-LL-37 (19) (20 g/ml in 0.1% gelatin in PBS buffer) before labeling with streptavidin-AP (DACO D 0396) diluted 1/2000 in 0.1% gelatin in PBS buffer. Samples were subsequently developed with 1 mg/ml p-nitrophenylphosphate (Sigma-Aldrich; N-9389) in diethanolamine buffer according to the manufacturer's recommendations. Samples were analyzed at 405 nm using a ThermoMax microplate reader (Molecular Devices), and results were compared with the standard curve. Samples were stored at Ϫ80°C before analysis by ELISA and were run in duplicate to ensure reproducibility.
IL-1␤ protein abundance in neonatal tracheal aspirates was measured by ELISA using primary and secondary Abs from a DuoKit (DY201; R&D Systems) according to the manufacturer's recommendations with 100 l of tracheal aspirate diluted in PBS and N-acetyl cysteine (final concentration, 2%) on Immulon-4 96-well plates. Reactions were developed using ImmunoPure streptavidin, alkaline phosphatase-conjugated (Pierce; 21324) and p-nitrophenyl phosphate 20-mg tablets (Sigma-Aldrich; N2765). Samples were run in duplicate to ensure reproducibility.
Antimicrobial assays
We used a modified radial diffusion assay to investigate bacterial sensitivity to the HBDs and LL-37 as previously described (16, 20) . Briefly, 4 ϫ 10 6 bacteria in mid-log phase were suspended in an underlay gel. Wells (2 mm in diameter) were punched into the gel and filled with peptide at concentrations ranging from 0.25-250 g/ml before incubation for 3 h at 37°C. Nutrient-rich gels were then overlaid, and the plates were incubated overnight at 37°C. Zones of clearance were manually measured and plotted on a semilog graph, where the x-intercept represents the minimal effective concentration. Low salt agarose underlay gels contained 10 mM sodium phosphate (pH 7.4), whereas high salt underlay gels contained 150 mM sodium chloride (pH 7.4). 
Statistics
All statistics were calculated in Microsoft Excel and used one-tailed Student's t test with unequal variance, except for real-time PCR results. A value of p Ͻ 0.05 was considered significant. For real-time PCR, because the data were not normally distributed, the log transformation was applied to the data points to normalize the data distribution. Using the log-transformed values, the treated groups were compared with the medium control group using the one-tailed, two-sample t test. The fold effect of the treatment vs the control value was computed by taking the anti-log of the difference of the log means between control and treated groups.
Results
Term and postnatal lung tissues express HBD-2 message
As shown in Fig. 1 , semiquantitative RT-PCR on lung tissue at various ages revealed no detectable message for HBD-2 in two prenatal tissues (18 and 22 wk gestation). However, HBD-2 message was detected at term (42 wk gestation) and both postnatal tissues (7 mo and 13 years of age). Similarly, faint HBD-1 signals were detected in the term and postnatal tissues, but message abundance was less evident compared with HBD-2. No HBD-3 message was detected in any of the lung tissues. In contrast, tissues from all developmental ages expressed LL-37.
HBD-2 is induced by IL-1␤ and is the predominant defensin in fetal lung explants
Of the three defensins studied, HBD-2 message was the most abundant and was significantly increased by IL-1␤ and IL-1␤/ IFN-␥. As shown in Fig. 2 , we detected no defensin message in the start tissues before culture. After 1 day of growth in serum-and hormone-free medium, the HBD-2 message significantly increased ( p Ͻ 0.001). Tissues stimulated with 100 ng/ml IL-1␤ or a combination of IL-1␤ and IFN-␥ demonstrated a 2.3-fold greater signal than the unstimulated controls ( p Ͻ 0.05). However, there was no significant additive increase in the combined IL-1␤ and IFN-␥ signal over that of IL-1␤ alone. Similarly, compared with medium controls, there was no significant difference in response to IFN-␥ stimulation alone. These results suggest that IFN-␥ does not regulate HBD-2 expression. Treatment with the anti-inflammatory corticosteroid dexamethasone resulted in a significant decrease in HBD-2 message ( p Ͻ 0.05). Treatment with heat-killed E. coli or PMA caused no significant change in HBD-2 message. HBD-1 and HBD-3 were not detected in any sample after 30 cycles of PCR. LL-37 message was only detected in some of the starting tissues, but in none of the cultured explants (data not shown). Using realtime PCR, we detected a similar pattern of HBD-2 induction, with significantly increased mRNA detected in the IL-1␤ ( p Ͻ 0.0001) and IL-1␤/IFN-␥ conditions ( p Ͻ 0.001; see Fig. 3 ). HBD-1 message significantly increased with dexamethasone stimulation ( p Ͻ 0.05). HBD-2 was detected after 25 cycles in the unstimulated tissues and after 20 cycles in the IL-1␤-stimulated state, whereas HBD-1 amplification increased in the low to mid-30-cycle range, and HBD-3 generally had no signal by 40 cycles (see inset, Fig. 3 ). This indicates a low message abundance of HBD-2 in the unstimulated state, a significantly higher expression with IL-1␤ stimulation, a very low abundance of HBD-1 message, and virtually no HBD-3 message. Although not directly comparable because of the different amplification efficiency of each defensin primer set, these results also support the idea that HBD-2 message is the most abundant of the three ␤-defensins in fetal lung.
HBD-2 is induced by IL-1␤ and is the predominant defensin in primary cultures of airway epithelia
To further verify the regulation of the ␤-defensins, we used primary cultures of human airway epithelia grown at the air-fluid interface as a second model of expression in the lung. We detected a similar pattern of defensin message regulation using this model. HBD-2 was significantly increased by IL-1␤ and IL-1␤/IFN-␥ stimulation ( p Ͻ 0.05) (see Fig. 4A ). HBD-2 message was increased with TNF-␣ stimulation, but did not reach statistical significance. Again, real-time PCR confirmed an almost identical pattern of HBD-2 message induction, with a significant increase in the IL-1␤ ( p Ͻ 0.005) and IL-1␤/IFN-␥ conditions ( p Ͻ 0.001; see Fig. 4B ). The messages for HBD-1, HBD-3, and LL-37 were not detected after 30 cycles of semiquantitative PCR and were therefore not assayed using real-time PCR (data not shown).
HBD-2, but not LL-37, is developmentally regulated in neonatal tracheal aspirates
We quantified HBD-2 and LL-37 protein abundance in neonatal tracheal aspirates to further verify their developmental regulation in vivo. We exclusively investigated HBD-2 and LL-37 in these samples because of the availability of an ELISA for these peptides and because HBD-2 was the most prevalent transcript in the surveyed lung tissue, fetal lung explants, and primary cultures of human airway epithelia. HBD-2 was detected in almost all samples. As shown in Fig. 5 , the abundance of HBD-2 was significantly higher in samples from infants born after 37 wk gestation compared with those born at Ͻ28 wk and those between 28 and 37 wk gestation ( p Ͻ 0.05). The average peptide abundance in samples obtained from infants born at 37 wk or earlier did not significantly change during their first 2 wk of life. No infants Ͼ37 wk clinically required intubation for Ͼ2 days, limiting the number of days that samples could be obtained. In contrast to HBD-2, LL-37 abundance did not significantly change in the Ͼ37 wk samples and the only significant change from the initial measurement was on day 10 for the Ͼ28 wk gestation samples (see Fig. 6 ). Additionally, there were no significant differences between groups in IL-1␤ abundance (data not shown). Most samples contained IL-1␤ at the lower limit of detection for the ELISA in the 10 -50 pg/ml range.
Each antimicrobial has a unique spectrum of antimicrobial activity and salt sensitivity
The minimal effective concentrations of each peptide against a range of bacteria and against a fungus are shown in Table I . HBD-3 was generally the most potent peptide, displaying activity against both Gram-positive and -negative bacteria in low microgram per milliliter concentrations. HBD-2 mainly had antimicrobial activity against Gram-negative bacteria, with a slightly lower potency compared with HBD-3. Notable exceptions to this trend were HBD-2, which exhibited the most potent antimicrobial activity against M. catarrhalis and K. pneumoniae, two of the more common bacteria causing pneumonia after the neonatal period (21, 22) . HBD-1 generally had the least activity, but was active against both Gram-positive and -negative bacteria. Due to limited quantities of HBD-1, this peptide was tested against a smaller number of bacteria. HBD-1 and HBD-2 both displayed salt-sensitive antimicrobial activity, whereas HBD-3 showed salt-insensitive activity against specific Gram-positive and -negative organisms. In contrast, LL-37, a human neutrophil cathelicidin, also showed potent Gram-positive and -negative microbicidal activities, but exhibited salt-insensitive activity only against Gram-negative bacteria. Thus, each peptide has a unique spectrum of activity and salt sensitivity.
Discussion
Of the three defensins studied, HBD-2 was the predominant ␤-defensin expressed in developing human lung. HBD-2 message was developmentally regulated, induced by the proinflammatory factor IL-1␤, and decreased by dexamethasone. HBD-2 is known to be regulated by IL-1␤ in human skin (23) , gingival mucosa (24), intestinal epithelia (25) , and respiratory epithelia (7, 26, 27) , but to our knowledge, these are the first data to describe developmental regulation of the IL-1␤-induced ␤-defensin response in human airway epithelia. HBD-2 protein abundance in neonatal tracheal aspirates increased as a function of gestational age. HBD-1 message was detected to a lesser degree and was only induced by dexamethasone (Fig. 3) . Although HBD-1 is generally considered constitutive rather than inducible, there are precedents for the possibility of steroidal or hormonal regulation of HBD-1, because HBD-1 is highly expressed in breast milk (28) and in the urine of pregnant women (14) . LL-37 and HBD-3 mRNAs were generally not detected in airway epithelial culture samples. Additionally, each antimicrobial peptide exhibited a unique spectrum of antimicrobial activity and salt sensitivity against the most common bacteria causing sepsis in the neonate.
These data show that in addition to known deficiencies in acquired immunity (2, 3) and other innate immune factors (4 -6), the lungs of premature infants have a decreased abundance of human ␤-defensins. Because tissues quickly mature in the fetal lung explant model, the significant increase in HBD-2 message after fetal tissue has been cultured for 24 h (Fig. 2) supports the idea that HBD-2 expression is diminished at midgestation and is developmentally regulated; however, this result could also have been due to a variety of other factors, including stress or trauma to tissues or lack of serum or hormone factors in the culture model. Developmental regulation of HBD-2 was corroborated by the increase in HBD-2 message in the survey of lung tissues at various developmental ages (Fig. 1) and the in vivo protein abundance in term neonatal tracheal aspirates after 37 wk gestation (Fig. 5) . The observation that LL-37 and IL-1␤ peptide abundance was not elevated in the tracheal aspirate samples from infants born at Ͼ37 wk FIGURE 3. Fold increase in defensin message in fetal lung explants. RNA was extracted from fetal lung explants with and without stimulation. as indicated. Real-time PCR was performed for HBD-1, HBD-2, and HBD-3. HBD-3 is not shown because it had no measurable signal (n ϭ 3-8). The inset in the upper left corner shows the relative cycles at which the ␤-defensins were detected by real-time PCR under IL-1␤-stimulated conditions. CTRL, medium without cytokines; Dex, dexamethasone; E. coli, heat-killed E. coli. ‫,ء‬ p Ͻ 0.05. gestation also supports the developmental regulation of HBD-2. Because the samples were standardized by volume, if the increase in HBD-2 on day 2 was simply due to dilutional or protein concentration effects, we would have expected LL-37 and IL-1␤ to be similarly increased. IL-1␤ abundance in tracheal aspirates was not significantly different among the groups. This suggests that although a stimulus for HBD-2 induction was present at all time points, other factors necessary for the expression of HBD-2 were not matured until near term.
The expression of other defensins and antimicrobial peptides is developmentally regulated in humans as well as other animals. In animal studies, defensin or defensin-like peptides increase during gestation in the intestinal tissues of sheep (29, 30) and mice (31) . Similarly, in humans, HD-5 and HD-6 mRNAs were lower in midgestation fetal intestinal samples compared with adult samples (5, 6) . Neonatal skin in mice and humans expresses increased cathelicidin message during the perinatal period (32) . Developmental regulation of defensins in the lung has been shown with bovine tracheal antimicrobial peptide (33) and HBD-1 (34) . In contrast to our data showing increased HBD-2 abundance in term infants, other recent investigations of ␤-defensins in neonatal tracheal aspirates showed increased abundance after infection, but no developmental regulation (13) . This may reflect maturational differences in the age ranges in each study, because the most developed group in the study by Schaller-Bals et al. (13) included tracheal aspirates from more preterm time points (wk 31-40 gestation), and the present study had a more narrow range at more developed time points (Ͼ37 wk gestation).
Each of the four innate host factors studied exhibited unique spectrums of antimicrobial activity against the most common bacterial pathogens in neonatal infections, including E. coli, Enterococcus species, group B Streptococcus, H. influenzae, Klebsiella species, L. monocytogenes, P. aeruginosa, coagulase-negative Staphylococcus, and Staphylococcus aureus (35) (36) (37) (38) (39) . These antimicrobial factors have complimentary activities, because each peptide has different bacterial spectrum and salt sensitivity. The combined expression of many innate immune factors will have a wider range of antimicrobial activity. Although the abundance of the defensins and LL-37 in neonatal tracheal aspirates appears greatly lower than the ranges at which they exert antimicrobial activity, several factors need to be kept in mind. Determination of the correct dilution factor for saline instilled to obtain fluid lining the epithelial has been problematic (40, 41) . However, dilutions for obtaining bronchoalveolar lavage fluid or tracheal aspirates have been estimated to be ϳ1 ml of airway fluid/10 -100 ml of bronchoalveolar lavage fluid based on urea concentration measurements (42) . Assuming up to a 100-fold dilution estimate, the HBD-2 protein levels in the Ͼ37 wk gestation day 2 tracheal aspirates samples would average 75 ng/ml. Defensins could act in concert with numerous other antimicrobial factors in airway surface liquid, such as lactoferrin, lysozyme, secretory leukocyte protease inhibitor (43) , and CCL20 (16) . Furthermore, defensins might exhibit synergistic antimicrobial activity in a manner similar to that seen in lysozyme, lactoferrin, and secretory leukocyte protease inhibitor (44) . Also, there may be microenvironments that have much higher concentrations of defensins, such as airway surface liquid, the paracellular space, or directly under the basolateral membrane. Defensins may be in high enough concentrations in these microenvironments to exert direct antimicrobialactivity. Alternatively, defensins and LL-37 may be acting by modulating local immunity (45) (46) (47) (48) .
Two unexpected findings were the selective salt insensitivity of HBD-3 against specific strains of bacteria and the salt insensitivity of LL-37 only against Gram-negative bacteria. HBD-3 was identified by Schroeder et al. (8) using isolation methods designed to identify peptides that bind to Gram-positive bacteria. Others identified HBD-3 using bioinformatic approaches (8, 49) . Schroeder et 
FIGURE 5.
Increase in HBD-2 from tracheal aspirates from term infants. Equal volumes of tracheal aspirates were assayed by ELISA for the abundance of HBD-2. Samples were run in duplicate to ensure reproducibility. Day 2 samples from neonates Ͼ37 wk gestation were significantly increased compared with tracheal aspirates from earlier gestations. n ϭ 5 for Ͻ28 wk gestation, n ϭ 6 for 28 -37 wk gestation, and n ϭ 3 for Ͼ37 wk gestation. ‫,ء‬ p Ͻ 0.05.
al. (8) showed that HBD-3 had salt-insensitive antimicrobial activity, but this salt sensitivity was only tested against a single strain of S. aureus. We found similar HBD-3 salt insensitivity only against specific strains of S. aureus, other staphylococcal organisms, and some Gram-negative organisms (see Table I ). We found that HBD-3 displayed salt insensitivity that was species and even strain specific. LL-37 is known to have salt-insensitive microbicidal activity (50), but we found salt insensitivity only against Gramnegative bacteria. LL-37 also displayed species and strain variability in a manner similar to that reported previously (50) .
Because LL-37 is present in airway epithelia and neutrophils, it is difficult to determine the relative epithelial contribution of LL-37 in some of these studies. For example, the LL-37 message detected in whole lung tissue at various ages (Fig. 1 ) may have been derived from neutrophils in the tissue. Similarly, we only detected LL-37 message in the start tissue from the fetal lung explants, not after incubation for 24 h (data not shown). Because neutrophils do not survive in fetal lung explant culture, any message detected after 24 h in the cultured samples should originate from lung tissue. However, the signal in the start tissues could again have been from nonepithelial sources, such as neutrophils present in freshly isolated tissue. One potential problem with the hypothesis of LL-37 transcripts originating from neutrophils is that peripherally circulating neutrophils have little protein synthesis. In neutrophils derived from adults, transcription of many proteins primarily occurs in bone marrow. However, it is not known whether this is also the case in the developing fetus. Thus, we found little evidence of LL-37 expression in human airway epithelia under the culture conditions used in these studies.
As with all models, there are limitations to the in vitro cultures used in these studies. The failure to see the expected induction of the ␤-defensins by heat-killed E. coli in fetal lung explants may reflect the inability of bacterial products to adequately penetrate into cultured tissue in this model or the absence of myeloid cells, which may be the predominant bacterial sensors for epithelia (51) and are lost in culture models (52) . In human epithelial models, HBD-2 expression has been shown to be up-regulated by some bacterial strains (25, 26, 53) . In contrast to the fetal lung explant model, we did not see a significant inhibition of HBD-2 message by dexamethasone in the primary cultures of human airway epithelia. However, the low basal expression of HBD-2 mRNA in the unstimulated airway epithelia may preclude determination of inhibition with the primary culture model. Failure to detect HBD-3 may also reflect shortcomings of the model or the stimuli used in these studies. We previously amplified HBD-3 cDNA from human fetal lung after 30 cycles of PCR (49 HBD-2 may play a significant role in pulmonary innate immunity. Because it is developmentally regulated, decreased abundance of a All data represented are the average minimal effective concentrations (MEC) in micrograms per milliliter, as measured by radial diffusion assay (n ϭ 3-7). Low salt conditions contained 10 mM sodium phosphate, and high salt conditions had 150 mM sodium chloride. -, Not done.
b Previously published (20) .
HBD-2 may contribute to the increased incidence of pulmonary infections in premature neonates. The prevalence of HBD-2 message in the lung, its inducibility, and its potent antimicrobial activity against common respiratory pathogens lends credence to this assertion. We speculate that premature infants may produce less HBD-2 in response to a bacterial challenge. This could allow specific HBD-2-sensitive bacteria to more easily colonize and infect the respiratory tract. Interestingly, HBD-2 has poor antimicrobial activity against H. influenzae (20), which is a not only a common respiratory pathogen, but is also a common commensal in the human respiratory tract. The abilities of H. influenzae to colonize and cause disease in the human airway and to evade killing by innate immune factors may be partly due to its resistance to a prevalent ␤-defensin in the airway. Because defensins and cathelicidins have properties other than their antimicrobial abilities, these data may also have implications for adaptive immunity and tissue development. Defensins signal adaptive immunity by inducing chemotaxis of immature dendritic cells and memory T cells (45) . Lower levels of these peptides may contribute to the decreased adaptive immune responses in neonates and premature infants. This role that defensins play in recruiting APCs may be especially important early in the neonatal period because adaptive immune signaling is inhibited more than innate immune signaling (55) . Because LL-37 induces angiogenesis (56) and other defensins are mitogenic for epithelial cells and fibroblasts (57) , these data may also have implications for tissue development and wound repair.
In summary, we found that HBD-2 was the most prevalent ␤-defensin in human lung cultures and neonatal tissues. HBD-2 message and protein were developmentally regulated and were less abundant in premature compared with term or post-term samples. Each defensin displayed a unique spectrum of antimicrobial activity and salt sensitivity against a wide variety of neonatal and respiratory pathogens. Lower levels of HBD-2 in the lungs of premature infants may be one factor leading to an immature innate immune system and contributing to the increased susceptibility of neonates to respiratory infections.
